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ABSTRACT 
Linear transducer arrays are readily available for ultrasonic detection in photoacoustic computed tomography. They offer 
low cost, hand-held convenience, and conventional ultrasonic imaging. However, the elevational resolution of linear 
transducer arrays, which is usually determined by the weak focus of the cylindrical acoustic lens, is about one order of 
magnitude worse than the in-plane axial and lateral spatial resolutions. Therefore, conventional linear scanning along the 
elevational direction cannot provide high-quality three-dimensional photoacoustic images due to the anisotropic spatial 
resolutions. Here we propose an innovative method to achieve isotropic resolutions for three-dimensional photoacoustic 
images through combined linear and rotational scanning. In each scan step, we first elevationally scan the linear 
transducer array, and then rotate the linear transducer array along its center in small steps, and scan again until 180 
degrees have been covered. To reconstruct isotropic three-dimensional images from the multiple-directional scanning 
dataset, we use the standard inverse Radon transform originating from X-ray CT. We acquired a three-dimensional 
microsphere phantom image through the inverse Radon transform method and compared it with a single-elevational-scan 
three-dimensional image. The comparison shows that our method improves the elevational resolution by up to one order 
of magnitude, approaching the in-plane lateral-direction resolution. In vivo rat images were also acquired. 
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1. INTRODUCTION 
Photoacoustic computed tomography (PACT) is an emerging imaging modality that ultrasonically breaks through the 
optical diffusion limit by combining both optical contrasts and ultrasonic spatial resolutions.1 To accelerate imaging 
speed, PACT usually uses many transducer elements configured at different positions to detect photoacoustic waves, and 
then reconstructs an image using advanced algorithms. Although curved transducer arrays, such as ring-shape arrays2, 3 
and spherical arrays4, can obtain high-quality PACT images, they are usually customized and expensive. Moreover, they 
need accessibility from multiple sides of the target. In comparison, one-dimensional (1D) linear transducer arrays can 
form images from just one side of the sample. They are readily available at low cost, and offer hand-held convenience. 
However, conventional three-dimensional (3D) images acquired by linear-array PACT through linear scans along the 
transducer’s elevational direction have low image quality due to anisotropic spatial resolutions. Here, we define the axial 
resolution as the spatial resolution along the acoustic axis, the lateral resolution as the spatial resolution along the row of 
elements of the array, and the elevational resolution as the spatial resolution along the direction normal to the B-scan 
image plane of the linear transducer array. The axial resolution is limited by both the speed of sound of the acoustic 
medium and the bandwidth of the transducer elements. The lateral resolution is mainly determined by the axial resolution 
and the synthetic aperture of the transducer array relative to the image reconstruction region. Usually the lateral 
resolution is a little worse than the axial resolution. However, the elevational resolution, which is determined by the 
element length and the cylindrical acoustic lens focus, is usually one order of magnitude worse than the axial resolution. 
Thus the poor elevational resolution will blur features along the elevational direction, and consequently yield 
conventionally stacked 3D images of low quality. 
 
Photons Plus Ultrasound: Imaging and Sensing 2015, edited by Alexander A. Oraevsky, Lihong V. Wang
Proc. of SPIE Vol. 9323, 93230I · © 2015 SPIE · CCC code: 1605-7422/15/$18
doi: 10.1117/12.2076660
Proc. of SPIE Vol. 9323  93230I-1
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/4/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



















































tation scan to 
quired access
hwarz et al.10 
tion was not 
w method of e
ing the invers
od IRT-PACT





 8 mJ/cm2 on
 light and acou
the target tissu




ig. 1. (a) Schem
, the sample 
on, we call PA
le “conventio
uality with a l












, 11 MHz ban
optical fiber b
oustic lens is 1
ngth is couple





er in the imag
atic of the sc
is rotated in in




 that of a sin
al focusing e
 beyond one t
 isotropic 3D






ally in Fig. 1. 
dwidth, Visu
undle with a d
5 mm. More d
d into the fib
sue’s surface,
e the PA wave








er array, a two







d taking the g
ar transducer 






er bundle of 
 within the AN
s, a layer of a












 free path. Jero
tion.7-9 Howev
n, which wor













led Petri dish 
ada) is used to
scan frame rat
T; (b) Photo o
ed at each ang
ational directi





me et al. expl
er, their confi







n at the end o







e is 5 frames/s
f the experime
ular position, 
on of the trans
ized rotation s




ored using a co
gurations encl
aging small 
tion, but the r
cal meaning. H
and reconstruc
thod in X-ray 
 256 elements 
ic wave detec
f the probe. T
 in Ref. [11]. A
 pulse has an 
). To homoge
 1% intralipid 
 window in the
upling. A com
oacoustic imag
ec at a laser re
ntal setup. 



























 the first 
ial LLC, 
Proc. of SPIE Vol. 9323  93230I-2
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/4/2018

































such as a 1 ° 
 study each fu
e elevational 
ear scan spee








sponse of the 
el values. To 
form along th
he Hilbert tran
ll not affect th
as first demon
aximum amp









ll data set con
direction (x) o
d was 2 mm/s
ange at each r










e linearity of th
strated by ima
litude projecti










f the linear tr
ec, so each B
otation angle 
frames, and th






nt the real op




ging an agar g
ons (MAPs) a
atures of the I
long the elev
 conventiona
ge (a) and IRT
ich contained 
Ps) along the 
s features mor
ppear in Fig.3
ons with a 2 °
ansducer array
-scan slice co
was 20 mm, c
e total scan tim
nd per step), 
ple-angle data
 the filtered b
a Radon trans
 the 90 2D pr
onstructed B-s
tical absorptio
n took the ab







l PACT and IR
-PACT image
two crossed 6 
depths (z) of t
e clearly becau
(b), and they c




e was ~16 m
and can be fur










s (z) of 3D ima
age sharper th




he 3D images 
se of the imp
an be alleviate
size. At each r
ed by a motor
0.4 mm thick
to 50 B-scan 





t a 3D image.
esent bipolar (
lways non-neg
 recover the 
erse Radon tr
sform. 
 a dehydrated 
ges acquired b






d by using de
otation angle,
ized linear tra
ness in the ele
frames. Thus e
cans at 10 sec








































e to the 
mpling, 
Proc. of SPIE Vol. 9323  93230I-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/4/2018















































hown in Fig. 3




brain in vivo 
rlan Laborato
fibers: (a) con












along the x’ d
er’s profile alo
the 3D image 
Here we ima





ng the x direc
quality. With 
ged the brain




7 μm. The el
tion, is 140 μm
single-side acc
 of a 30-day-





. Thus the ele
ess convenien











Proc. of SPIE Vol. 9323  93230I-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/4/2018



















[1] L. V. W
335(607
[2] J. Xia, Z
tomogra
[3] J. Xia, M
confoca




o rat brain ima
 the convention
 we have deve
ity. The maxim





22. L.W. has 
ork. 
ang and S. Hu
5), 1458-1462
. Guo, K. Ma
phy based on 
. R. Chatni, K
l photoacousti
ruger, C. M. K
oustic breast i




















re MAPs of 3
early due to th
y convention
















 Lam, D. R. R
ical Physics 40
D images by c
e improved sp


























n vivo mouse 




s, Inc. and E
 
ging from Org
. V. Wang, "T
(9), 090505 (2
 and L. V. Wa
n vivo," J. Bio













































Proc. of SPIE Vol. 9323  93230I-5
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/4/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
  
[5] Y. Wang, T. N. Erpelding, L. Jankovic, Z. Guo, J.-L. Robert, G. David and L. V. Wang, "In vivo three-dimensional 
photoacoustic imaging based on a clinical matrix array ultrasound probe," J. Biomed. Opt. 17(6), 061208 (2012) 
[6] L. Song, K. Maslov and L. V. Wang, "Section-illumination photoacoustic microscopy for dynamic 3D imaging of 
microcirculation in vivo," Opt. Lett. 35(9), 1482-1484 (2010) 
[7] J. Gateau, M. A. A. Caballero, A. Dima and V. Ntziachristos, "Three-dimensional optoacoustic tomography using a 
conventional ultrasound linear detector array: Whole-body tomographic system for small animals," Medical 
Physics 40(1), 013302-013311 (2013) 
[8] J. Gateau, A. Chekkoury and V. Ntziachristos, "High-resolution optoacoustic mesoscopy with a 24 MHz 
multidetector translate-rotate scanner," J. Biomed. Opt. 18(10), 106005 (2013) 
[9] J. Gateau, A. Chekkoury and V. Ntziachristos, "Ultra-wideband three-dimensional optoacoustic tomography," 
Optics Letters 38(22), 4671-4674 (2013) 
[10] M. Schwarz, A. Buehler and V. Ntziachristos, "Isotropic high resolution optoacoustic imaging with linear detector 
arrays in bi-directional scanning," Journal of Biophotonics 8(1-2), 60-70 (2014) 
[11] A. Needles, A. Heinmiller, J. Sun, C. Theodoropoulos, D. Bates, D. Hirson, M. Yin and F. S. Foster, "Development 
and initial application of a fully integrated photoacoustic micro-ultrasound system," IEEE Transactions on 
Ultrasonics, Ferroelectrics and Frequency Control 60(5), 888-897 (2013) 
[12] M. Xu and L. V. Wang, "Universal back-projection algorithm for photoacoustic computed tomography," Physical 
Review E 71(1), 016706 (2005) 
Proc. of SPIE Vol. 9323  93230I-6
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/4/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
